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Abstract:  The conjunctive use of numerical simulation models is a powerful and widely used tool in water resources 
management. Engineers and scientists, using this tool, are able to understand the physical process of surface and 
underground water movement in a watershed, estimate the renewable water resources and perform water resources 
management. The quantitative and qualitative status of water resources is defined so that the results can be used in the 
development of restoration measures or plans. A characteristic example of water resources quantitative degradation is 
the Almyros basin of Magnesia in Central Greece and its coastal aquifer. The aim of this study is the quantitative 
evaluation of surface and groundwater hydrology of Almyros basin and the response of its aquifer to various water 
resources management scenarios. This is achieved by the conjunctive use of a surface hydrology simulation model 
(UTHBAL) and a groundwater hydrology simulation model (MODFLOW). The management scenarios include the 
potential reduction of water consuming crops and the import of alternative crops targeting to reverse the observed 
drawdown of groundwater table and the resulting seawater intrusion. The results indicate that the proposed 
management scenarios could create conditions to reverse the degradation of the coastal aquifer. 
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1. INTRODUCTION 

The simulation and management of degraded aquifers are subjects that have been studied by 
hydrologists more than three decades in Greece (Tolikas et al., 1983; Mylopoulos et al., 1988; 
Psilovikos, 1999; Karterakis et al. 2007; Pisinaras et al., 2013; Sidiropoulos and Mylopoulos, 2015). 
With the significant evolution of computers, researchers were able to develop and apply numerical 
models for the simulation and management of groundwater resources. Unfortunately, there are 
many over-exploited and degraded groundwater systems in Greece since the early 1980s. Three 
major factors have been responsible for this status: i) the cultivation of water demanding crops all 
over the country; ii) the lack of irrigation system infrastructure; and iii) the lack of any reasonable 
and sustainable water resources management strategy. The irrigation demands of the crops are 
covered mainly by private unregistered irrigation wells. According to Mombiela (2010), more than 
85% of the total water consumption in Greece is used to cover irrigation needs for water demanding 
crops, affecting mostly groundwater resources. Many of these aquifers are coastal and face the 
phenomenon of seawater intrusion (Mantoglou, 2003; Papadopoulou et al., 2005; Kallioras et al., 
2006; Siarkos and Latinopoulos, 2016). The aquifer of Almyros basin is a representative example. It 
is an over-exploited unconfined coastal aquifer. The aquifer lies under an agricultural region, which 
lacks any significant surface water body or a collective irrigation system.  

In this study, the quantitative evaluation of surface and ground water resources of Almyros basin 
of Magnesia is presented. Its aim is to simulate Almyros aquifer, in order to provide an adequate 
basis to perform water resources management. A conjunctive simulation system is used, composed 
of a surface hydrology simulation model (UTHBAL) (Loukas et al., 2007) and a groundwater 
hydrology simulation model (MODFLOW) (Harbaugh and McDonald, 2000) under transient 
conditions. The recharge of aquifer is calculated by the UTBHAL model and is the linking variable 
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with the MODFLOW model. Furthermore, a spatial and temporal database with the necessary 
information for the simulation has been created in a G.I.S. environment. This database contains 
geomorphological, hydrogeological and meteorological data of Almyros basin. The simulation 
results provide the quantitative status of Almyros groundwater resources. Knowing the current 
status of the groundwater, a number of management scenarios have been simulated using the 
modelling system targeting to reverse the degradation of the aquifer and the observed seawater 
intrusion. These scenarios include the potential reduction of water consuming crops and the 
cultivation of less water consuming crops. 

2. STUDY AREA AND DATABASE 

Almyros basin is located in the east south part of Thessaly, covering an area of about 850 km2. It 
is a coastal basin. Almyros aquifer extends to an area of 310 km2. The natural boarders of the basin 
are Halkodonion Mountain to the north, Gouras and Othrys Mountains and their hills to the west 
and south, and Pagasitikos Gulf to the east (Fig. 1).  

 

Figure 1. Map of Almyros basin, indicating the hydrographic network and the aquifer with its hydrogeological zones. 

The altitude of the basin surface ranges from sea level up to 1,653 m at Othrys Mountain at the 
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south. The aquifer is located in the central part of the basin and its altitude varies from sea level to 
453 m (Fig. 1). The surface terrain has been created mainly by the tectonic action of the active 
faults since the era of Pliocene. Secondary reasons for the geomorphology of the area are the 
climate and the differential erosion of rocks. The most characteristic geomorphologic feature of the 
basin is the vertical geological displacement of the eastern part of the basin, creating the agricultural 
plain of the basin. 

The main economic activities in the basin are agriculture and animal breeding followed by 
industrial and commercial activities. The main crops cultivated in the basin are wheat, orchards, 
cotton, alfa-alfa, corn, vegetables and vineyards (Fig. 2).  

 

Figure 2. Sub-watersheds, the aquifer, Corine 2000 land uses and observation wells in Almyros basin. 

The climate of the area is typical Mediterranean. Summers are usually very hot and dry and the 
temperature in July and August reaches up to 40 ºC. The average annual temperature ranges from 
13.2 ºC to 15.5 ºC. The mean annual precipitation varies from about 530 to 610 mm.  

The shape of the hydrographic network is dendritic and parallel with frequent abrupt 
discontinuities (Galanakis, 1997). The Almyros basin is divided into six sub-watersheds, which 
have variable terrain and an advanced hydrographic network (Fig. 2). The geomorphological 
features of these sub-watersheds have been calculated in GIS and are presented in Table 1.  
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Table 1. Geomorphological features of Almyros sub-watersheds 

Geomorphologic Features Kazani Platanorema Xolorema Ksiria Laxanorema Ksirorema       Sum 

Area (km2)  32.42 95.76 191.88 215.67 140.68 173.34 849.77 
Perimeter (km)  35.98 59.47 76.54 71.01 56.38 71.30 173.07 
Max Height (m)  520.00 1,700.00 1,060.00 1,640.00 720.00 1,520.00 1,700.00 
Mean Height (m)  156.68 670.47 234.57 538.15 206.40 302.41 305.23 
Min Height (m)  0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 
The geology of the basin varies according to the altitude. The lowlands, which cover the study 

area of the aquifer, consist of alluvial deposits and colluvium cones, while carbonic rock, limestone, 
sandstone and flysch prevail at the highlands. Two major hydrogeological formations have been 
detected in the area of the aquifer (Fig. 1):  

§ Zone 1: an alluvial quaternary system with new Holocene sediments and colluvium cones, 
which consists of loose deposits of valleys, plains, coastal and of lateral cones, conglomerates 
and  

§ Zone 2: an alluvial neogene system, which consists of alternate coarse and fine formations, 
firm breccia, clay and sandy material, sandstones, marles and clay.  

It becomes clear that the first system has more permeable materials than the second one, and as a 
result, it gives higher values of hydraulic conductivity. In the vertical, various superimposed types 
of material have been detected, with alternating clay and marl layers. These materials have a strong 
hydraulic connectivity and they have similar hydrogeological features. For that reason, it is assumed 
in the simulation that they form one vertical layer. The base impermeable rocks are impermeable 
marbles and schist (Myriounis, 2008). 

2. METHODOLOGY 

2.1 Meteorological data analysis 

Only one meteorological station is available inside Almyros basin and is located at Nea 
Anchialos (Fig. 1). Monthly temperature and rainfall data of twenty-six meteorological stations of 
Thessaly Region were processed and analyzed for the assessment of monthly surface rainfall and 
temperature of Almyros basin using the modified gradient method. Surface rainfall and temperature 
were used by the simulation system for the estimation of aquifer recharge and the basin and aquifer 
water balance. The temperature and rainfall data were available for the period 1961-2002. The 
surface temperature and precipitation were estimated for each sub–watershed of the Almyros basin.  

The potential evapotranspiration was estimated using monthly temperature only, due to the lack 
of other meteorological data. The Thornthwaite method (1948) was applied. The variation of the 
mean monthly areal values of temperature, precipitation and potential evapotranspiration of 
Almyros basin for the period 1961 - 2002 are presented in Figure 3.  

2.2 Estimation of water demands 

The main water use in Almyros basin is in agriculture. As can been seen in Figure 2, the main 
land uses in the basin, according to Corine 2000 data, are agricultural (54.13%) and forest 
(43.34%), while human settlements cover only the 1.23% of the area of the basin. The estimation of 
crop irrigation water need depends on the crop type, the irrigation method and the water transfer 
method. The agricultural cultivated area in the basin is 157,021 acres, according to the Hellenic 
Statistical Authority (H.S.A.). The main crop cultivated in the basin is wheat, followed by orchards, 
cotton, alfalfa, corn, vegetables, vineyards, beets and tobacco, as presented in Figure 4 (H.S.A., 
2009).  
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Figure 3. Mean monthly areal values of a) temperature, b) precipitation and c) potential evapotranspiration of Almyros 
basin for the period 1961-2002. 

 

Figure 4. Cultivated crop areas in Almyros basin (H.S.A, 2009) 
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The Near Irrigation Requirement (NIR) index (USDA, 1970) was used to estimate the crop 
irrigation water requirements. The Blaney-Criddle method was used for the estimation of crop 
evapotranspiration due to the limited meteorological data. The water losses due to water transfer 
and the application of irrigation method were taken into account using bibliographical information. 
The mean annual water volume of irrigation water demand was calculated, using this method, to be 
about 94.50 hm3 for the period 1961-2002. 

2.3 Surface hydrology simulation 

The monthly conceptual hydrological model UTHBAL (Loukas et al., 2007) was used for the 
assessment of surface runoff. The water balance model uses as inputs the time series of mean areal 
precipitation, mean areal temperature and mean areal potential evapotranspiration. The model 
divides the total precipitation into rainfall and snowfall, because the correct division of precipitation 
is essential for accurate runoff simulation for snow-covered mountain watersheds. The rain-snow 
percentage is estimated using a logistic relationship based on monthly temperature and the 
snowmelt is estimated using the simple degree-day method. The water balance model allocates the 
watershed runoff into three components, surface runoff, medium runoff and baseflow runoff, using 
a soil moisture mechanism. It calculates as output the actual evapotranspiration, the surface runoff, 
the soil moisture, and the groundwater recharge. The UTHBAL model has six parameters to be 
optimized in order to accurately estimate the watershed runoff. Since there are no observation 
values of surface runoff in the Almyros basin, it is not possible to apply any calibration process. For 
this reason, the values of the six model parameters were set equal to the mean model parameter 
values assessed during the application of UTHBAL model at a number of watersheds across 
Thessaly region (Dervisis, 2010). These model parameters are shown in Table 2. 

 
Table 2. Values of UTBHAL model parameters for Almyros basin  

Parameter 

Coefficient of 
potential 
snowmelt 

Cm 

Curve 
Number 

CN 

Coefficient of 
recharge 

K*  
(0 ≤ Κ ≤ 1) 

Coefficient of real 
evapotranspiration 

a  
(0 ≤ α ≤ 1)  

Coefficient of 
medium runoff 

β     
(0 ≤ β ≤1) 

Coefficient of 
baseflow runoff 

 γ     
(0 ≤ γ ≤1) 

Value 6 56.81 0.68 0.43 0.033 0.203 

 
The simulation was held for the period 1961-2002 and the results of mean monthly surface 

runoff and recharge for each sub-watershed have been calculated (Fig. 5). The UTHBAL model was 
applied in a semi-distributed mode for each sub-watershed. The recharge of the aquifer was inserted 
into MODFLOW and it is the linking variable between UTHBAL and MODFLOW models. 

2.4 Groundwater simulation 

The phreatic aquifer of Almyros basin, of 310.04 km2, has been simulated numerically, using the 
MODFLOW code (Harbaugh et al., 2000), discretized into an orthogonal grid of 12,365 cells, with 
a grid spacing of 200 m×200 m and as one vertical layer. The boundary conditions of the aquifer 
are: 

§ Constant head boundary: on the east boundary of the study area with hydraulic contact to the 
sea. 

§ No flow boundary: on the other boundaries of the study area. The presence of impermeable 
rocks, as flysch and schist, implies that such a boundary condition is reasonable. 

The annual extracted volume of water from groundwater was taken equal to the calculated total 
volume of irrigation water demands, since there is not any significant surface water body and/or 
storage in the study area. Groundwater recharge was calculated by UTHBAL model. Data from 23 
observation wells (Fig. 2) were used to estimate the initial conditions (i.e., the initial head 
distribution) (01/10/1991), as well as for the model calibration on the 01/10/1995. 
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Figure 5. Mean monthly values of a) surface runoff and b) groundwater recharge for the six sub-watersheds of Almyros 
basin for the period 1961-2002. 

 The hydrogeological parameters vary for each hydrogeological formation. Their values were 
estimated using the values given in the literature and their values in previous studies, except for the 
values of hydraulic conductivity. The hydraulic conductivity values of the aquifer were estimated 
through calibration. The calibration is achieved by the use of inverse model approach of PEST 
model (Doherty and Hunt, 2010) finding the optimum values of hydraulic conductivity for each 
hydrogeological zone. The values of hydrogeological parameters are shown in Table 3.  

 
Table 3. Values of MODFLOW parameters for Almyros basin simulation 

Parameter 
Horizontal Hydraulic 

Conductivity  
K (m/d) 

Horizontal 
Anisotropy 

Specific Storage Ss 
(1/m) 

Specific Yield 
 Sy  

Zone 1 2 4 0.06 0.6 
Zone 2 0.08 4 0.02 0.1 

 
The simulation was conducted for the period 10/1991 – 10/1995 in transient flow conditions with 

outputs being in a monthly time step. The MODFLOW outputs were volumetric budgets and maps 
of hydraulic head of aquifer. The mean annual recharge volume for this four-year period was 4.65 
hm3. The mean annual extracted groundwater volume for the same period was 93.43 hm3. As a 
result, 88.78 hm3 of non-renewable groundwater were extracted every year. This over-exploitation 
of Almyros basin aquifer has led to a significant drawdown of its water table. Figure 6 presents the 
hydraulic head contours of the aquifer for the start (10/1991) and for the end (10/1995) of 
simulation process. Hydraulic head differences reach up to 20 m at the coastal area, where the 
majority of extraction wells are located. In 1995, the contour of zero hydraulic head has moved to 
the west almost at the same area where the contour of 20 m hydraulic head was in 1991. 
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                                        (a)                                                                                        (b) 

Figure 6. Hydraulic heads of Almyros aquifer for a) 10/1991 (simulation start-initial conditions) and b) 
10/1995(simulation end) 

3. MANAGEMENT SCENARIOS 

The scope of this paper, apart from the analysis and modeling of the Almyros basin aquifer, is to 
formulate measures that could reverse the water table drawdown and the seawater intrusion. 
Management scenarios, focusing on the potential reduction of water consuming crops and their 
replacement with less water consuming crops, were proposed and the aquifer’s response to these 
scenarios has been modelled and analyzed. The proposed alternative crops are sunflower, cynara 
cardunculus, canola, sorgum and miscanthus.  

The management period was assumed to be the same as the simulation period, i.e., 10/1991 – 
10/1995. The applied management scenarios are: 

1. Scenario 0: It is the base scenario for which no change is made regarding the crops. 
2. Scenario 1: The water consuming crops are decreased by 20% and they are replaced with less 

water consuming crops. The cultivation pattern change was evenly distributed spatially.  
3. Scenario 2: The water consuming crops are decreased by 50% and they are replaced with less 

water consuming crops. The cultivation pattern change was evenly distributed spatially. 
4. Scenario 3: The water consuming crops are decreased by 70% and they are replaced with less 

water consuming crops. The cultivation pattern change was evenly distributed spatially. 

4. RESULTS 

The crop irrigation water demands for Scenario 0 had been calculated previously and it was 
found to be equal to 354.84 hm3 for the four year simulation period. The total irrigation water 
demands and the extracted groundwater volumes for the three management scenarios were 
estimated as: i) for Scenario 1, 340.76 hm3, ii) for Scenario 2, 329.28 hm3, and iii) for Scenario 3, 
326.85 hm3 (Fig. 8.a). The groundwater simulation was performed for the three alternative water 
management scenarios and the aquifer response to these scenarios was analyzed. The results 
indicate that the volumetric budget of the aquifer was negative for all three alternative scenarios. 
However, a smaller drawdown of the water table is estimated for the alternative scenarios (Fig. 7). 
The results are presented in Figure 7 for the cross section AA’ (Fig. 1). 
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Figure 7. Hydraulic heads of cross section AA’ for the three alternative management scenarios for 10/1995 and starting 
heads (10/1991) 

Another result is the reduction of aquifer water table drawdown rate per year when the 
management scenarios are applied (Figure 8b). The difference of mean drawdown rate between 
Base Scenario 0 and Alternative Scenario 3 reaches 0.72 m per year. The area of aquifer with 
negative values of hydraulic head is considered to be that area where the seawater intrusion will 
potentially occur. For that reason, the rate of potential seawater intrusion was estimated for each 
management scenario and is presented in the Figure 8c. This rate is actually the rate of zero 
hydraulic head movement. The difference between Base Scenario 0 and Alternative Scenario 3 is 
0.07 m per year.  

 

  
                                                  (a) (b) 
 

   
(c)            

Figure 8. Results of management scenarios modelling for a) the extracted groundwater volume (hm3), b) the aquifer 
drawdown rate (m/y) and c) the potential seawater intrusion rate (m/y) 
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5. CONCLUSIONS 

A combination of a monthly surface hydrology simulation model and a groundwater simulation 
model has been successfully used for the estimation of Almyros basin aquifer status. The results 
confirmed that the irrigation water demands are responsible for the over-exploitation of 
groundwater non-renewable resources. This condition has led to significant groundwater table 
drawdown. The larger values of drawdown have been observed at the coastal area leading to 
seawater intrusion. To reverse this condition, three alternative management scenarios were applied 
and the aquifer response has been studied. These scenarios include the reduction of water 
consuming crops and their replacement with less water consuming crops. 

The results indicate that the cultivation of less water consuming crops was able to slightly 
reverse the groundwater degradation and reduce the use of non-renewable groundwater resources. 
The water table drawdown rate has been decreased and the potential seawater intrusion was 
retarded, as result of the application of the alternative management scenarios. This conclusion 
clearly indicates that collective actions must be taken targeting on sustainable use of groundwater 
resources, including not only crop change, but also change of irrigation methods, establishment of 
collective irrigation systems and water saving infrastructure.  
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